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 Abstract.  Based on prior field observations, we hypothesized that individual and 
interacting effects of plant size, density, insect herbivory, and especially fungal disease, 
influenced seedling and juvenile plant growth in native Platte thistle populations (Cirsium 
canescens Nutt.).  We worked at Arapaho Prairie in the Nebraska Sandhills (May - 
August 2007), monitoring plant growth, insect damage, and fungal infection within 
different density thistle patches.  In the main experiment, we sprayed half of test plants in 
different density patches with fungicide (Fungonil© Bonide, containing chlorothalonil) 
and half with a water control. Fungal infection rates were very low, so we found no 
difference in fungal attack between these treatments. However, plants that received the 
fungicide treatment had significantly faster growth over the season than did the control 
plants. At the same time, plants in the fungicide treatment had significantly reduced 
insect herbivory. These results strongly suggest that the fungicide had insecticidal effects 
and that insect herbivory significantly decreases juvenile Platte thistle growth.  Further, 
damage by insect herbivores tended to be higher for larger plants, and herbivory was 
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variable among different patches. However, plant density did not appear to have a large 
effect on the amount of insect herbivory that individual juvenile Platte thistle plants 
received.  In the second experiment, we examined germination and survival success in 
relationship to seed density, and found that germination success was higher in areas of 
lower seed density.  In the third experiment, we tested germination for filled seeds 
categorized primarily by color variation and size, and found no difference in germination 
related to either color or seed weight. We conclude that seed density, but not seed quality 
as estimated by color or size, affects germination success. Further, although herbivory 
was not significantly affected by plant density at any of the scales examined, insect 
herbivory significantly reduces the growth and success of juveniles of this characteristic 
native sand prairie plant.  
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INTRODUCTION 
 Much work has been done on seed predation and how insect damage to flower 
heads affects the phenology and seed production of native plants (e.g., Louda 1982, 1983; 
Louda and Potvin 1995, Rose et al. 2005).  Studies on the sand prairie native Platte 
Thistle (Cirsium canescens Nutt.) have been focused on floral herbivory and predispersal 
seed predation, particularly on the effects of native tephritid flies, native pyralid moths 
and, recently, on the effects of an exotic invasive biocontrol weevil, Rhinocyllus conicus 
Fröhlich, (Lamp and McCarty, 1982, Louda et al. 1990, Louda and Potvin 1995; Russell 
and Louda 2004, Rose et al. 2005).  These studies show that floral herbivory is significant 
in limiting seed production, and seed production limits life time fitness and plant 
population dynamics. However, although damage to the seeds and flower heads of Platte 
thistle plays a major role in determining plant success, seedling germination and damage 
to juveniles could also hinder Platte thistle’s ability to persist and reach the flowering 
stage. Yet, little is published on the factors influencing juvenile thistle success, including 
plant size, density, plant disease and insect herbivory.   
 The aim of our research was to examine factors that influence the growth and 
survival of juvenile plants of Platte thistle.  In this paper, we first present the results of 
the main field study showing how plant size, density, herbivory, and disease act 
independently and interactively to impact the growth of Platte thistle juveniles. Then, we 
briefly present the evidence for the role of seed quality and seed abundance in seedling 
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recruitment of Platte thistle. Together these data fill a gap in our knowledge on factors 
influencing the early stages of the Platte thistle life cycle. 
Existing research shows that plant disease can affect plant performance, and that 
plant density can play an important role in the spread of plant disease (Burdon et al. 
1994).  Previous studies also indicated that insects, such as aphids, lacebugs and flies, can 
transmit plant diseases (Halbert and Meeker 1998, Stanghellini et al. 1999, Malmstron 
2005).  While some studies focused on understanding the role that these insect-vectored 
diseases play in natural ecosystems (Burdon et al. 1994), most studies focused on crops 
or plants grown for commercial use (Stanghellini et al. 1999).  Experiments on a 
European thistle, (Cirsium arvense L.), found a mutualism between a weevil that lays its 
eggs in the stem and a fungus that infects and weakens the plant (Friedli and Bacher 
2001).  Lacebugs (Corythuca sp.) appear to co-occur with a fungus (Stagonospora cirsii) 
that infects the leaves of Platte thistle (S. Louda, personal observation), suggesting that 
plant disease might influence juvenile plant growth and survival. 
The specific goals of this study, therefore, were to quantify the relationship 
between plant density, fungal colonization, insect occurrence, insect herbivory, and 
performance of Platte thistle juveniles in relation to patch density through observation, 
experiment, and measurements. The survey of adult and juvenile Platte thistles involved 
plants of various sizes in the area surrounding Arapaho Prairie found at differing 
naturally-occurring densities.  The experiment involved measuring the responses of 
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juvenile plants to application of fungicide to half of the test plants, compared to the half 
that received a water control.  
Based on prior field observations, we hypothesized that juvenile growth of Platte 
thistle during a season would be affected by: initial plant size, the density of thistles in 
the surrounding neighborhood, insect herbivory, and fungal disease.  We expected large 
plants, and plants in dense patches, to experience greater feeding damage due to their 
greater apparency, or visibility to insects, as found in other studies (e.g., Courtney 1985, 
Price 1991, Elzinga et al. 2005).  We also expected to find the fungus more frequently on 
plants with lace bugs that appear to be associated with the fungus (S. Louda, unpublished 
data). 
 Very few studies have looked at the effects of fungicide on insect feeding. Of 
those studies that have done so, most focused on interactions of mycorrhizal fungi and 
root-feeding insects or on the impacts of plant fungi on insect oviposition (Irving and 
Wyatt 1973, Laird and Addicott 2008).  These studies assumed that the fungicide did not 
affect the insect directly, but rather that any reduction in insect feeding was due to the 
reduction in fungus.  However, fungicide application in the absence of mycorrhizal fungi 
was found to reduce performance of Zygogramma exclamationis Fabricius 
(Chrysomelidae) on Helianthus annuus L.(Asteraceae) (Laird and Addicott 2008). Thus, 
fungicide could be having an indirect effect.  
Previous studies have shown that low seedling recruitment can limit plant species 
ability to persist (Zeiter et al. 2006).  Rodents and insects both act as  seed dispersers and 
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seed predators (Reader 1993, Hulme 1994, Hulme 1998). In addition to seed abundance, 
seed quality can affect seed germination success; so, seed size and seed morphology are 
parameters of seed quality that may impact germination success.  For example, in 
Tragopogon pratensis subsp. pratensis (L.), germination success increased with seed size 
but was unaffected by morphology (van Molken et al. 2005).  For Platte thistle, we 
expected higher seed weight to be correlated with higher germination due to greater 
resources within the seed.  Seed color and shape were also expected to be indicators of 
seed vigor and, so, quality. Previous studies have found that larger seeds tend to produce 
larger seedlings, giving those seedlings a competitive advantage (Stock et al. 1990).  
These observations led to the two, smaller scale seed addition experiments that we did. 
 
METHODS 
Natural History 
Study Species. Platte Thistle, Cirsium canescens (Asteraceae) is native to the 
Nebraska Sand Hills (Kaul et al. 2006); and, it is mainly found in disturbed sites with 
relatively sparse ground cover (Louda and Potvin 1995).  We observed plants in wind-
eroded blowouts or previously gopher-burrowed areas, which presumably provide good 
thistle habitat.  Platte thistle often shares habitat with another native thistle, Cirsium 
undulatum Spreng. (wavyleaf thistle).  The common grasses found in the thistle habitat 
areas, with nomenclature the following USDA Plant Database (Plants 2006), were: 
Panicum virgatum L., Stipa comata (Trin. & Rupr.) Barkworth, Schizachyrium 
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scoparium (Michx.) Nash, Bouteloua hirsuta Lag., and Bouteloua gracilis (Willd. ex 
Kunth) Lag. ex Griffiths; and, the most common forb was Artemisia psilostachya auct. 
non L. (D. Jacobsen and S. Louda, personal observation). 
Previous studies have shown that, on average, Platte thistle has a three to four 
year monocarpic life cycle. After one year in the seedling stage, several years are spent as 
juvenile rosettes; and, the last year is the flowering (bolting) adult stage before death 
(Louda and Potvin1995).  For this study, we focused on juvenile rosettes, which is the 
least studied stage.  
The main insect herbivores on both Platte and wavyleaf thistle juveniles are: the 
native weevil Thecesternus affinis (LeConte); pyralid moth larvae, the Painted Lady 
butterfly (Vanessa cardui (L.) larvae, and grasshoppers (D. Jacobsen and S. Louda, 
personal observation).  The same insect herbivores were found feeding on the foliage of 
adult plants.  Each of these insect herbivores or herbivore groups produces a distinctive 
type of damage to the leaves of the juvenile plant (Figure 1). 
Study Area.  The study was carried out at Arapaho Prairie (Section 31, T18N, 
R39W, Arthur Co, NE.).  Arapaho Prairie is a 2.18 square km reserve owned by The 
Nature Conservancy and managed by the University of Nebraska Lincoln (Cedar Point 
Biological Station) with the help of the local ranchers.  Arapaho Prairie is located Arthur 
County, about 56 km north from UNL’s Cedar Point Biological Station, Ogallala, NE.  
The prairie has been ungrazed for 30 years, and it is maintained by rotational haying of a 
quarter of the prairie on a four-year rotation (Keeler et al. 1980).  Arapaho Prairie was 
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chosen because of the existing research on the native thistle populations there, and 
because of its proximity to the biological station. 
Data Collection 
Experiment 1 – Density and Natural Enemy Attack on Juvenile Platte Thistles.  
We found five sites around Arapaho Prairie with Platte thistle patches: East Section, 
Gate, Joern’s Blowout, Shed Flats, and West Road.  Within each site, thistle patches were 
selected in a variety of natural densities, ranging from 0.03 to 3.76 thistles per m2, 
including bolting and juvenile plants of both Platte and wavyleaf thistles.  Each patch was 
given a unique identifier and used as an experimental block.  Both Platte and wavyleaf 
thistles, in both juvenile and adult stages, were included in the density calculations 
because of the overlaps in habitat and in insect herbivores. 
 In total, 223 Platte thistle juvenile rosettes were measured over the course of the 
2007 summer growing season.  All individual thistle plants were examined every 10 – 14 
days from 10 May to 25 August. We recorded: types of insects present, evidence of insect 
feeding damage, and plant size parameters over time.  The measurements taken were: 
rosette size, as two diameters (largest, perpendicular); longest leaf length; number of 
leaves; number of leaves with insect feeding damage; number of leaves with  25% or 
more leaf area damaged; number of leaves with the fungus; number and kind of insects 
present; and, amount and type of insect damage.   
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In addition, half of the plants in each patch were sprayed every 10 - 14 days with 
fungicide (Fungonil © Bonide, chlorothalonil; 4 mL/1 L water); and, the other half of the 
plants were sprayed with an equal amount of water, to control for the effect of  the water 
in the fungicide application.  To make sure the fungicide was not having any direct 
effects on insect survival, a sample of lacebugs was monitored for growth and survival 
after being sprayed with either water or fungicide-in-water.  Plants in patches within one 
site (Joern’s) were kept as complete controls and did not receive either treatment.   
 A patch was defined as a group of thistles that was in a visually distinct 
aggregation of Platte thistles. In general, plants in one aggregation were closer to each 
other than they were to plants in other aggregations. However, because there are various 
ways to define a patch, the patch level density is a subjective estimate, and is less precise 
than the 1 m and 5 m densities (below). To measure patch level plant density, we 
measured two thistle patch diameters: longest length, and perpendicular to it; and, we 
counted the numbers of juvenile and bolting thistle plants in the patch. Patch area was 
calculated by using the average of the measured dimensions as the radius of a circle (A = 
π r
2). We calculated the patch density of thistles of each life stage by species, and overall 
density, by dividing the number of plants by the patch area estimate.   
 In addition, we recorded juvenile thistle and bolting thistle densities by species in 
circles of 1 m and 5 m radius around each individual plant, providing precise estimates of 
local densities for individual plants at two scales.  These densities were recorded by 3 – 4 
people walking a tape measure around the focal plant and counting thistles by stage and 
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species as encountered. The focal plant was not included in the density calculation for 
surrounding plants; thus, a density of 0.0 thistle / m2 indicates that the focal plant had no 
neighbors in the measured 1 m or 5 m circle around it. 
 Additionally, we surveyed established juvenile rosettes within Arapaho Prairie 
other than those used in the experiment; our aim was to determine the frequency of the 
reported fungal infection, Stagonospora cirsii.  This was done using the 100 m x 100 m 
grid system laid down at Arapaho Prairie (United States Geological Survey, NEAL quad 
topological survey; available through the Keith County Surveyor). Plants within a 10 m 
radius of every second or third post were examined for evidence of lace bugs or fungal 
infection (N = 100 posts, about one-fifth of markers across Arapaho Prairie).   
Experiment 2 – Seed Addition.  To test the effects of seedling density on fungal 
attack, insect occurrence and insect herbivory, we established seed addition plots on 25 
July 2006 for evaluation in 2007.  The aim of the experimental plots was to establish low, 
medium, and high density thistle seedlings and to protect half of each group from the 
fungus versus a control half that were not protected.  However, low recruitment and lack 
of fungal infection in 2007 meant that few data were available to look at the impacts of 
fungus on seedling survival and growth; however, we could still use the data to compare 
recruitment in relation to seed input.   
We used seed that had been previously collected from Platte thistle in and around 
Arapaho Prairie (2000 – 2003). The seed had been stored in the refrigerator (15oC) until 
planting (Russell and Louda 2004). Seeds were counted out into envelopes by 
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experimental densities and held at room temperature until planting. Before planting, the 
ground was prepared by gently loosening the soil with a trowel and removing some of the 
vegetation, especially the plants with large roots, to simulate the disturbed soil of thistle 
patches. Seeds were planted by inserting each seed 1 - 2 cm deep into the sandy soil. 
Three replicate blocks of treatments were established at each of the four sites within 
Arapaho Prairie near the juvenile survey plots. 
The treatment plots of each block were laid out in a rectangle, with two rows of 
four plots each. Within each block, each row was 6.25 m long, with one treatment plot 
starting at the top left hand corner (marked with a tall white flag) and extending 0.25 m to 
the right and down. A space of 1.75 m on average was left between plots within the 
block, and at least 2 m were left between parallel rows Seed density treatments were 
assigned randomly among plots within each block. 
The design of the seed addition experiment was a 3 x 2 factorial. Within each 
block, seed was added to a plot at one of three densities: 5, 20 and 100 seeds. We had 
four plots with five seeds, two plots of 20 seeds, and two plots of 100 seeds.  There were 
three blocks at each of the 4 sites. The three densities planted (5, 20, and 100 seeds per 25 
x 25 cm plot) were chosen based on previous observations of lacebug and fungal co-
occurrence (S. Louda, et al., unpublished data).  Half of the plots at each seed density in 
each block were treated with fungicide-in water, and half with water-only.  We assigned 
the treatments randomly among the plots by seedling density. To do so, we ordered the 
plots by the number of seedlings that had emerged by 15 May 2007 (lowest to highest), 
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paired plots by the seedling counts, and then randomly selected which plot would receive 
water versus fungicide by flipping a coin.   
Every 10 – 14 days, we recorded the number of insects and the amount and type 
of feeding damage, as well as measured plant size (15 May – 7 August 2007).  The 
measurements were, as above:  number of leaves and cotyledons, two rosette diameters 
(perpendicular), longest leaf length (cm), number of leaves damaged by insect feeding, 
and insects present.  Additionally, we tracked seedling fate by marking each seedling in a 
plot to quantify subsequent germination and seedling survival. We focus on these data in 
the analysis of this part of the study. 
Experiment 3 – Seed Quality.  We tested germination, growth and survival for 
Platte thistle seeds that appeared to differ in quality, distinguished by having four 
distinctive colors correlated with other visual differences, such as size and shape. We 
established plots with four treatments on 26 - 28 July 2006.  Seed quality for this study 
was defined by color and external morphological differences and by seed weight.  Filled 
seeds without obvious chewing or insect-caused holes were selected from late stage 
flowering heads collected from Platte thistle between Ainsworth and Thedford, NE, on 19 
July 2006. The undamaged seeds were sorted into four groups, from least viable-looking 
darker seeds to best-looking red-mottled tan seeds. The least viable-looking were dark 
brown and less filled-looking. The next category contained all-pale beige seeds. The third 
category seeds were tan with brown striations. The best-looking seeds were tan with red 
striations and large (Figure 2).  Unfortunately, the tan-with-red seeds and dark brown 
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filled seeds were uncommon, so we had fewer of those seeds than of the other categories 
available for the experiment.  Of the dark brown seeds found, the majority had insect 
holes in them and were not likely viable; so, they could not be used.  We also weighed 
and measured 10 representative seeds from each treatment category. The measurements 
were: length, thickness, and width. These traits were used to characterize differences 
among the seed types to supplement color distinctions.   
We placed three replicate blocks of four treatments at each of the four sites; these 
were placed near each block of the seed addition experiment at each of the four sites 
within Arapaho Prairie.  At the end of each block of 12 seed addition plots, we marked 
off a 50 cm x 50 cm block with flags, and divided it into 25 cm x 25 cm quadrants.  After 
using a trowel to loosen the sandy soil, 20 seeds of each seed color/quality treatment were 
planted in each of the four quadrants.  The seed color/quality treatments were randomly 
assigned to plots within each block. The only exception, because of the lower numbers of 
red-mottled tan seeds and dark brown seeds, was that one quadrant had to be left empty 
in six of the 12 blocks.   In planting, seeds were spaced evenly over the quadrant, with a 
small amount of extra space left near the dividing lines between the quadrants, to reduce 
seed drift between quadrants to avoid skewing the results.   
We monitored seedlings emerging during the 2007 season, every two weeks from 
15 May 2007 until 8 August 2007. We counted and took the same measurements and 
observations as in the other two experiments (above): number of leaves, rosette 
diameters, longest leaf length, number of leaves damaged, and insects present.  
19 
 
Statistical Analyses 
All analyses were done using Statstix 10.0 and Systat 9.0 statistical programs. The 
graphs were constructed using SlideWrite graphing software and Microsoft Excel 2007. 
Specific analyses are described by experiment, next.  
Experiment 1 – Density and Natural Enemy Attack on Juvenile Platte Thistles.  
We grouped the plant size and damage measurements, obtained every 10 - 14 days, into 
six different time periods in order to have a measurement of each plant during each time 
interval.  When a plant had been measured twice during the time period, we used the 
average of the two measurements. 
Because the number of leaves was highly correlated with the other measurements 
of plant size; because leaf number was an absolute count, we considered the number of 
leaves to be the plant size measurement taken with the least sampling error, and so be 
most representative of plant size (Table 1).  We transformed data when necessary to 
obtain more normally-distributed distributions prior to analysis. We used: a square-root 
transformations for: the number of leaves, patch density, 1 m density, and 5 m density; 
and, the arcsine square-root transformation for the proportion of leaves damaged. 
Although patch sizes varied, plants in each treatment were spread across each 
patch.  However, the complete control plants, receiving neither the fungicide nor water 
treatment, were confined to one site (Joern’s).  These plants performed similarly to those 
receiving the water control treatment, suggesting that the amount of water we added per 
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plant in the main treatments had very little effect on its own.  However, because of the 
close proximity of all plants receiving no treatment and, so, the difficulty of sorting patch 
from treatment effect, we excluded the completely untreated plants from the analysis of 
the experiment and focused on the better replicated contrast of fungicide-in-water 
treatment vs. water-only control treatment. However, we kept the complete control plants 
in all analyses that did not include evaluation of the effects of spray treatment.  Tests 
included: Analyses of variance (ANOVA), general linear models (GLM), and linear 
regressions.   
 Experiments 2 and 3 – Seed Addition and Seed Quality Experiments.  We used 
one-way analysis of variance and linear regression to analyze both the seed addition 
experiment and the seed quality experiment. 
 
RESULTS 
Experiment 1 – Density and Natural Enemy Attack on Juvenile Platte Thistles 
Fungal Infection. Although we found Platte thistle juveniles around 
approximately 50% of the 100 grid markers surveyed at Arapaho Prairie, few had any 
evidence of fungal attack. Overall, fewer than 20 plants total in either the experimental 
patches or during the grid survey had either lacebugs or fungal colonization.  Of the 223 
experimental plants, five (2.2%) had any evidence consistent with an infection by the 
fungus (S. cirsii) and another five with slime mold (Physarum cinereum Batsch).  Despite 
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the lack of external evidence of fungal infection, however, we found major differences 
between the fungicide-treated and control plants (below).  
 Plant Growth With vs. Without Fungicide Treatment.  Juvenile Platte thistle 
plants in the fungicide and in the control treatments were similar in the number of leaves 
per plant before treatment was applied: fungicide-treated, 10.7 leaves per plant (SE = 
0.71, N = 63); control, 10.4 leaves (SE = 0.56, N = 56).  After the fungicide treatment 
began, the number of leaves increased faster in the fungicide-treated plants , compared to 
the water control plants, as the season progressed (Figure 3; GLM, F1,697= 35.424, P < 
0.001). At the end of the season, the final number of leaves per juvenile Platte thistle 
rosette plant was significantly higher for fungicide-treated plants than for control plants: 
fungicide-treated = 17.3 leaves (SE 1.12, N = 54) versus control = 10.5 leaves (SE 0.83, 
N = 47). Thus, fungicide treatment led to larger juvenile plants by the end of the growing 
season. 
 Insect Herbivory by Treatment. Plants in the fungicide treatment received less 
insect herbivory than did control plants (Figure 4). Early in the season, specifically for 
the first three measurements, the proportion of leaves damaged by insect feeding was 
very similar between treatments; initially, 0.68 (SE 0.03, N = 63) of the fungicide treated 
plants were damaged, compared to 0.74 (SE 0.02, N=56) for the control plants. As the 
season progressed further, however, the treatments diverged; so, on the final date, the 
proportion damaged by insect feeding in the fungicide treatment was 0.66 (SE 0.04, 
N=54), compared to 0.81 (SE 0.03, N = 47) in the water-only control treatment.   Overall, 
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the proportion of leaves damaged was significantly lower for fungicide-treated plants 
than for water-treated control plants (GLM, F1,697= 7.018, P= 0.008). Thus, treatment 
with fungicide, which did not affect frequency of the thistle fungus (above), reduced the 
level of insect herbivory. 
 In a separate test, we found that the fungicide did not appear to directly harm the 
insects.  In the observational data taken on lacebugs that were in direct contact with either 
fungicide or water, both survival and number of offspring were similar with versus 
without fungicide exposure. 
Insect Damage and Plant Size. The overall mean number of leaves per plant for 
the season was 11.48 (SE 0.22, N = 1,037), and the median was 10 leaves.  For plants 
with 10 or fewer leaves, the mean proportion damaged was 0.62 (SE 0.01, N = 562); and, 
for plants with more than 10 leaves, a higher mean proportion damaged occurred, 0.68 
(SE 0.01, N = 475).  Therefore, larger plants had on average a significantly greater 
proportion of their leaves damaged than did smaller plants (GLM, F44,992 = 1.528, P = 
0.016).    
The higher amount of damage sustained by larger plants, compared to the smaller 
plants, was most apparent early in the season (Figure 5).  This trend also occurred when 
the variation in plant size due to treatment was removed (GLM, F44,992 = 1.503, P = 
0.020). So, the size difference in vulnerability to insect herbivory was not caused as a 
secondary effect of fungicide treatment.  
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 Spatial Variation in Insect Herbivory and Plant Size.  The proportion of leaves 
damaged varied significantly among thistle patches (Table 2; GLM, F7,1029 = 14.306, p < 
0.001).   However, differences in patch density, 1 m radius density, or 5 m radius density 
did not appear to explain the differences (Figure 6), since the proportion of leaves 
damaged was almost identical for high and low density at all spatial scales (Table 2). So, 
insect herbivory varied, but no pattern emerged in relation to plant density at any scale 
investigated. 
Differences in leaf number per plant also occurred between patches (GLM, F7,1029 
= 17.597, P < 0.001). Although we hypothesized that herbivory should increase as plant 
density increased, we found no correlation between plant size and patch density (Pearson 
correlation CORR = 0.0316, P > 0.20). Further, patch density did not help to explain the 
number of leaves per plant (linear regression: leaf number = 11.28 + 0.307*patch density; 
F1,1014 = 1.01, P = 0.315).  However, when the variation caused by leaf number per plant 
was removed by using leaf number as a covariate, we found a significant influence of 
patch on herbivore damage (GLM, F7,1028 = 13.704, p < 0.001). These results indicate that 
the variation among thistle patches in herbivore damage was independent of differences 
in plant size (leaf number per plant) among patches. 
Experiment 2 - Seed Addition 
 Seedling Recruitment.  Germination rates were very low. The proportion of seeds 
germinating ranged from 0.0 seedlings per plot (seen in all seed treatments) to 1.0 
seedlings per plot (seen only in the lowest level of seed added, the 5 seed treatment) 
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(Figure 7).  The maximum number of seedlings observed was 18; this maximum was 
seen in one 100-seed added treatment plot.  So, overall response to seed addition was 
very low in 2007, when the spring was relatively dry. 
 The number of seedlings that germinated averaged highest in the 100-seed added 
treatment (3.00, SE 0.56), and lowest in the five seed-added treatment (1.17, SE 0.40); 
and the difference between treatments was significant (ANOVA: F2,93 =  3.81, P = 0.026).  
However, a higher proportion of seeds germinated in the 5-seed added treatment (0.23, 
SE=0.03) than in the 100- seed treatment (0.03, SE= 0.03) (ANOVA, F2,93 = 10.36, P < 
0.0001), suggesting some negative density-dependence in germination success. No 
difference in seedling survival occurred between treatments, based in relation to the 
number of seedlings germinating and surviving to the end of the season (ANOVA, F10,58 
= 0.7, P = 0.7198). So, more seeds led to more seedlings, but some density-dependent 
process reduced successful germination rates in the higher density seed addition plots, but 
did not affect subsequent survival of established seedlings. 
Experiment 3:  Seed Quality 
 Seed Weight Variation Among Color Categories of Seed.  The dark brown seeds 
were hypothesized to be the least vigorous seeds, based on their discoloration; and, the 
tan seeds with red striations were hypothesized to be the most vigorous seeds based on 
their full shape and healthy color.  The seed weight measurements confirmed that the 
seed color differences represented differences in seed quality.  The sample of dark brown 
seeds weighed the least (0.010 g), and the sample of tan seeds with red striations weighed 
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the most (0.015 g). The beige seeds and the tan seeds with brown striations had 
intermediate weights (0.011 g and 0.013 g, respectively). (When seed weights were 
examined by seed quality treatment, we found a significant linear regression: seed weight 
= 0.008 + 0.002*seed type (R2=0.99, F1,2 = 166.22, P = 0.006). So, seed sizes were 
predictably different between the seed color/quality categories used here. 
Seed Quality and Germination.  We found no difference in germination by seed 
color/quality category. Although the seed weight differences confirmed differences in 
seed quality, the proportion of seeds germinating did not vary with mean color-quality 
and its difference in seed weight (ANOVA, F3,37 = 0.79, P = 0.5047). Thus, we found no 
difference in germination success between seed color/quality categories that differed in 
mean seed weight (Figure 8). 
 
DISCUSSION 
Experiment 1 – Density and Natural Enemy Attack on Juvenile Platte Thistles  .  
 Seasonal Growth was Higher in Fungicide-Treated Plants. Although 
lacebugs (Tingidae) have been common in earlier years (S. Louda, personal observation), 
we found little evidence of lacebugs or fungus in 2007.  Because there was little external 
evidence of fungus, we were able to examine the effects of fungicide on plant growth and 
damage in the absence of fungus, leading to the finding that plants in the fungicide 
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treatment had reduced herbivory and increased plant growth compared to the control 
treatment plants. 
In the control treatment, the number of leaves stayed fairly constant for Platte 
thistle juvenile plants over the season.  Since leaves died during the season (personal 
observation), the consistency suggests that leaves were being replaced at the same rate 
that they were dying.  However, the number of leaves increased steadily over the season 
for fungicide-treated plants, indicating that there was either a greater growth of new 
leaves or fewer of the leaves were dying than in the controls (Figure 3). 
 Larger Plants Sustained More Damage.  We found that larger plants had more 
damage earlier in the season, and the levels of damage varied between patches.  This 
indicates that plant size has a role in how much herbivory a plant receives, but the 
differences between patches are independent of differences in leaf number.  Many studies 
have found that larger plants often sustain more damage than smaller plants, because of 
their greater apparency to insects (Courtney 1985, Price 1991, Elzinga et al. 2005), 
including a rare relative of Platte thistle, Pitcher’s thistle, that occurs in the sand dune 
grasslands around the Great Lakes (Stanforth et al. 1997). Plant size, however, is often 
associated with patch density because good habitat conditions increase both the number 
of plants and the size of plants in an area (Bach 1988).  Because we found no correlation 
between plant size and patch density, we could examine the effect of plant size separately 
from patch density. The patches we studied had different grass and plant compositions, 
and they were located in different areas of the prairie; consequently, there could have 
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been variation in soil, nutrient, light, or moisture factors influencing plant growth.  The 
surrounding vegetation could also have affected insect feeding by either obscuring the 
plant or attracting insects. 
 Difference in insect herbivory between plants that varied in size was most 
apparent at the beginning of the growing season.  By the end of the season, overall 
damage was very high, which likely washed out any differences.  Also, some of the most 
damaged leaves had died back. Further, there also could have been more dieback in larger 
plants, which sustained higher levels of individual plant damage.  In other studies, early 
season herbivory has resulted in higher tolerance of herbivory in plants that have already 
survived past the seedling stage (Strauss and Agrawal 1999).   Because herbivores 
seemed to prefer larger plants in the first half of the growing season, it is likely that larger 
plants were damaged earlier in the season than smaller plants, but were better able to 
compensate for the damage in subsequent growth. 
 Data taken on individual types of feeding damaged could be used to determine if 
there were different feeding trends for the different insect herbivores.  Also, the 
proportion of leaves that had over 25% of the leaf tissue damaged was recorded as 
severely damaged.  These data were not analyzed, but perhaps could help determine if 
there was greater damage per leaf for the leaves receiving damage, in addition to a higher 
proportion of leaves damaged, on the larger plants relative to smaller plants.  
Differences in Plant Growth Between Treatments Appeared To Be Due To Size 
Differences That Resulted in Different Levels of Herbivory. Because only external 
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evidence of fungus was examined, it is possible that there was internal fungal infection 
that was not visible. If so, then this could potentially account for the differences in the 
growth of plants in the fungicide treatment versus in the control treatment.  However, the 
fungicide was not systemic; and, it is reported as breaking down quickly in soil, so while 
the internal and root impacts of the fungicide are unknown, they are thought to be 
relatively small (Sujkowski et al. 1995).  Therefore, we hypothesize that differences in 
insect herbivory observed (Figure 4) were likely the cause of the differences in plant 
growth between the fungicide and the water control treatments.  The fungicide did not 
appear affect the survival or reproduction of the lacebugs in our test. If this is true for the 
other insects that feed on the juvenile thistle leaves, then the differences in herbivory are 
most likely due to lower palatability of fungicide-treated plants.  However, it is unknown 
if chlorothalonil affects palatability; also, more information is needed about the direct 
effects of the fungicide on the moth larvae and weevil that do most of the feeding on the 
leaves. Thus, the data are consistent with an herbivore deterrent effect, but more research 
is needed to eliminate alternative hypotheses to explain the relationship between reduced 
herbivory and higher plant growth for fungicide-treated plants. 
Experiment 2: Seed Addition 
Higher Seed Abundance Resulted in a Lower Proportion of Seed Germinating, 
But a Higher Number of Seedlings.  The highest numbers of seedlings were seen in the 
plots with greater seedling abundance, but the highest proportion of germinating seeds 
was seen in the plots with lowest seedling abundance.  These results could reflect higher 
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levels granivory by ants or small mammals in areas of high seed abundance (Reader 
1993, Hulme 1994,1998). Higher seed density can result in higher post-dispersal seed 
predation even though a greater number of seeds increases the change of seedlings 
germinating (Hulme 1994).  Therefore, greater seed density may not translate to higher 
seedling numbers.  Post-dispersal seed predation has been reported to be relatively high 
for Platte thistle seeds (Louda et al. 1990). Even if seedling numbers are higher when 
seed density is high, this may not be reflected in the area the seeds were deposited in due 
to ant and rodent dispersal (Reader 1993, Hulme 1994, Hulme 1998). 
Experiment 3:  Seed Quality 
 No difference in Germination for the Different Seed Quality Categories Tested.  
We expected the darker, lighter weight seeds to have lower germination rates than the 
reddish, heavier seeds because of fewer internal resources.  However, this was not the 
case, as all seed types tested had equally low germination rates.  Because seeds with 
holes or obvious damage were not used, all of the filled seeds were thought to be 
potentially viable.  A greater proportion of the original sample of dark seeds was broken 
or chewed (D. Jacobsen, personal observation); and, therefore, these were not included in 
the treatments.  These observations suggest that damage to the flower heads that affects 
the quality seeds results in fewer intact seeds (Louda et al. 1990, Louda and Potvin 1995), 
but it may not reduce the germination quality of the seeds that are not eaten, even if they 
are discolored and lighter weight.  However, more information is needed on the effect of 
seed weight on germination and predation in the absence of color differences (Hulme 
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1994).  Combined with the results of the seed addition experiment, these results suggest 
that Platte thistle seed abundance is a better predictor of germination success than is seed 
quality. 
 
CONCLUSIONS 
Growth of Platte thistle juvenile plants was higher as the amount of herbivory 
decreased, and herbivory decreased with the application of fungicide, with plant size 
early in the growing season, and among patches of thistles. However, neither local nor 
larger patch thistle density helped explain much of the variation in amount of insect 
herbivory observed, contrary to our expectations. Since the fungicide did not appear to 
directly harm the insects and since there were very few signs of fungal infection, we 
hypothesize that the fungicide deterred insect herbivores and, so, led to higher juvenile 
plant growth over the season.  
 Because juvenile plants with higher levels of herbivore damage had slower 
growth, it is likely that they will spend more time in the juvenile stage in order to reach 
the threshold size needed to flower; the consequence of such delay could be a lower 
population growth rate.  However much of the existing research on the effects of 
herbivory on flowering delay has been done on plants that have already reached the 
flowering stage (Lau and Strauss 2005).  Seedling recruitment, which was very low in 
2007 relative to other years (S. Louda, unpublished data), increased with seed abundance, 
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but not with seed weight associated with differences in seed color. Research is needed to 
know if seed weight differences independent of seed morphology and color class will 
make a differences in subsequent seedling survival, Overall, we conclude that increased 
insect herbivory and decreased plant growth occur, and have the potential to extend the 
time it takes a Platte thistle rosette to reach the flowering stage.  Such effects would 
likely reduce individual plant fitness and Platte thistle population growth.  
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Table 1. Correlation between various plant size parameters of Platte thistle juveniles,  
using the Pearson correlation matrix, for the end of the 2007 growing season at Arapaho  
Prairie, Arthur Co., NE (N = 1036 measurements) 
 
 
 Plant Area Longest Leaf Number Leaves 
Plant Area  1.000   
Longest Leaf  0.738 
 
1.000  
Number Leaves  0.673 
 
0.498 
 
1.000 
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Table 2.  Mean proportion of leaves damaged by insect feeding for juvenile thistles in 
high and low densities at three spatial scales (1 m, 5 m, and patch) over the 2007 growing 
season at Arapaho Prairie, Arthur Co., NE.  Density calculations include juvenile and 
bolter stages of both Platte and wavyleaf thistles.  Plants in the fungicide treatment were 
excluded from the analysis in order to remove confounding factors.  No difference was 
seen in the mean proportion of leaves damaged indicating no effect of plant density on 
insect herbivore damage. 
 
 
 
Spatial 
Scale 
 
 
Density 
(thistle /  
m2) 
 
N 
(plants) 
 
Mean Proportion 
Leaves Damaged 
 
 
 SE 
 
 
df 
 
 
F 
 
 
P 
1 m < 0.5 466 0.66 0.01 
1 m > 0.5 174 0.64 0.02 
1, 638 0.10 0.749 
5 m < 0.5 636 0.65 0.01 
5m > 0.5 0   
   
patch < 0.5 526 0.65 0.01 
patch > 0.5 139 0.66 0.02 
1, 663 0.81 0.369 
 
   
ANOVA 
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                                                                                                                                  Figure 1
 
 
Figure 1.  Insect herbivores and insect feeding damage to Platte thistle juveniles in 
Arapaho Prairie, Arthur, Co., NE: a) the lacebug Corythuca sp. and its associated feeding 
damage, frass, and possible fungus; b) the main moth larva on juvenile rosette leaves and 
its circular feeding holes; c) the native weevil Thecesternus affinis and its feeding 
damage (“windowing”) and leaf discoloration; and d) root crown mining due to pyralid 
moth larval feeding. 
a) b) 
d) c) 
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                                 Figure 2 
 
 
Figure 2.  Platte thistle seed morphology categories used in the 2006-2007 seed quality 
experiment looking for differences in seed success in Arapaho Prairie, Arthur Co., NE.  
From left to right: dark brown, beige, tan with brown striations, tan with red striations.         
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      Figure 3 
 
Figure 3.  Juvenile Platte thistle plant growth, measured as number of leaves, in the 
fungicide-in-water treatment (green line) versus in the water-only control treatment (blue 
line) over the 2007 growing season at Arapaho Prairie, Arthur Co., NE. 
GLM 
P < 0.001 
Mid-point of sampling 
dates 
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          Figure 4 
 
Figure 4.  Insect herbivory on juvenile Platte thistle rosettes with the fungicide-in-water  
treatment (green line) versus in the water-only control (blue line) treatment over the 2007 
growing season at Arapaho Prairie, Arthur Co., NE. 
 
 
GLM 
p = 0.008 
Mid-point of sampling 
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          Figure 5.    
 
Figure 5.  Intensity of insect herbivory on small juvenile Platte thistle plants (< 10 leaves) 
versus on large plants (> 10 leaves) divided out by treatments over the 2007 growing 
season at Arapaho Prairie, Arthur Co., NE. The graphs show lower herbivory for 
smaller plants in both treatments early in the season. 
                            
GLM 
p = 0.02 
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          Figure 6 
 
 
Figure 6.  Variation in insect feeding damage across the range of densities within a 1 m 
radius around each focal Platte thistle juvenile over the 2007 growing season at Arapaho 
Prairie, Arthur Co., NE. The graph shows that pattern at 1 m density; however, the same 
lack of pattern was seen with other density measures.  (See Table 2 for a summary of the 
patch density and 5 m results). 
          
ANOVA 
p = 0.749 
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Figure 7 
 
 
 
Figure 7.  Proportion of Platte thistle seeds germinating in 2007 for the three seed 
addition treatments (5, 20, or 100 seeds per 0.25 m2) at Arapaho Prairie in Arthur Co., 
NE.  The proportion of seeds germinating was higher when fewer seeds were added, and 
the range in variation was greater. 
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Figure 8 
 
 
Figure 8.  Proportion of Platte thistle seeds germinating in 2007 for the four seed quality 
categories (represented by seed weight differences) at Arapaho Prairie in Arthur Co., NE.  
The proportion of seeds germinating was not significantly different between seed quality 
categories. 
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